








GHIRUPDWLRQ ;5' VWXGLHV KDYH VKRZQ WKDW ³SODVWLFLW\´ RI FDUELGH JUDLQV LV YHU\ PXFK WKH FDVH IRU IDWLJXH PHFKDQLVPV
GHVFULSWLRQRIWKHFDUELGHFRPSRVLWHV7KH7L&FDUELGHJUDLQVEHWWHUDEVRUESODVWLFGHIRUPDWLRQGXULQJF\FOLFORDGLQJIDWLJXHRU
KDYH ORZHU IDWLJXH VHQVLWLYLW\ LI FRPSDUHG WR FRQYHQWLRQDO:&EDVHG KDUGPHWDO7KLV LVZK\ WKHZHDU UHVLVWDQFH DQG IDWLJXH
SHUIRUPDQFH RI VRPH 7L&)H1L FHUPHWV LV EHWWHU WKDQ WKDW RI FRQYHQWLRQDO KDUGPHWDOV :&&R ZLWK VDPH PLFURVWUXFWXUDO
SDUDPHWHUVFDUELGHSKDVHYROXPHWULFFRQWHQWDYHUDJHJUDLQVL]HFDUELGHSKDVHFRQWLJXLW\
7KHDLPRI WKHFXUUHQWVWXG\ LVWRLQYHVWLJDWH WKHHIIHFWRIUHVLGXDOVWUHVVHVDSSHDULQJLQ WKHFRUHULPVWUXFWXUHVRIWKHFDUELGH
JUDLQVRI7L&EDVHGFHUPHWVGXULQJSURGXFWLRQSURFHVVSRZGHUPHWDOOXUJ\URXWH7KHVXUIDFHIDWLJXHLVVWXGLHGXVLQJG\QDPLF
LQGHQWDWLRQZLWK WKHEDOO LQGHQWHU G\QDPLF+HUW] WKHRU\PDGHIURP:&EDVHGKDUGPHWDO :&ZW&R7KH:|KOHU OLNH









SURSDJDWLRQ SURFHVVHV DUH WKH WUDFHV RI VXUIDFH IDWLJXH 7KH VXUIDFHV IDWLJXH FUDFNLQJ GXULQJ F\FOLF ORDGLQJ LV
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WR REWDLQ DQG FRPSDUH DV FDQ EH PHDVXUHG ZLWK FRPSDUDEO\ KLJK SUHFLVLRQ IURP WHVWHG VXUIDFHV 9HU\ VLPSOH
FRQFOXVLRQ RI IDWLJXH IDLOXUH IRU FRDWLQJ LV SRVVLEOH WR PDNH DV WKH VXEVWUDWH PDWHULDO UHYHDOHG XQGHU UHPRYHG
FRDWLQJ)RUEXONPDWHULDOV DQRWKHU IDLOXUHFULWHULRQ LV FRLQFLGH6LPSOHSORWVRI LQGHQWDWLRQGHSWKGHSHQGHQFHRQ






IDWLJXHGXULQJ LQGHQWDWLRQ LVREYLRXV7KH VWUHVV ILHOGDURXQG LQGHQW LV IRUPLQJFRPSUHVVLYHFRQHZLWKPD[LPXP
VKHDU VWUHVVZKLFK OHDGV WR IDWLJXHFUDFNV LQLWLDWLRQDQGSURSDJDWLRQEHQHDWK WKH VXUIDFH VHH$SSHQGL[$ IRU
PRUHGHWDLOV,QFDVHRIWKLQFRDWLQJVWKHFRPSUHVVLYHUHVLGXDOVWUHVVHVRIKLJKPDJQLWXGHDSSHDUDQGFRPSHQVDWH
WKH WHQVLOH VWUHVVHV RULJLQDWHG E\ WKH FRQWDFW DQG WKH VXEVWUDWH SLOLQJ XS >@ /RZHU UHVLGXDO FRPSUHVVLYH VWUHVV
LQGXFHGOHDGVWRHDUOLHUIUDFWXUHRIWKHFRDWLQJ
,Q WKH FDVH RI KDUGPHWDOV :&EDVHG FDUELGH FRPSRVLWHV DQG FHUPHWV 7L&EDVHG FDUELGH FRPSRVLWHV WKH
PHDVXUHGUHVLGXDOVWUHVVHVDUHRIWKHVDPHVLJQ±FRPSUHVVLYHIRUEXONPDWHULDOVEXWFDQYHU\IURPFRPSUHVVLYHWR
WHQVLOHZLWKLQFDUELGHJUDLQV>@








7ZR GLIIHUHQW JUDGHV RI FDUELGH FRPSRVLWHV ZHUH VHOHFWHG IRU WHVWLQJ DV WKH\ DUH ZHDU UHVLVWDQW FRPSRVLWHV
SURVSHFWLYHJUDGH7DQGFRQYHQWLRQDOO\XVHGJUDGH+DVPHWDOIRUPLQJWRROPDWHULDOV>@
6SHFLPHQV SODWHV ZLWK GLPHQVLRQV RI [[ PP ZHUH SURGXFHG WKURXJK FRQYHQWLRQDO SUHVV DQG VLQWHU
SRZGHUPHWDOOXUJ\URXWLQHE\/DERUDWRU\RI3RZGHU0HWDOOXUJ\RI7DOOLQQ8QLYHUVLW\RI7HFKQRORJ\DFFRUGLQJWR
$670%7HVWVSHFLPHQVZHUHJULQGHGDQGSROLVKHGWRWKHVXUIDFHURXJKQHVVRI5D P
7ZR JUDGHV RI ZLGHO\ XVHG VWHHOV RQH ± +DUGR[  LV ZHDU UHVLVWDQW KLJK VWUHQJWK VWHHO ZLWK WKH WUDFHV RI
FKURPLXP DQG VLOLFRQ FDUELGHV LQ FRPSRVLWLRQ DQG DQRWKHU ± &.  LV VWDLQOHVV VWHHO ZLWK KLJK FKURPLXP DQG
QLFNHOFRQWHQWZHUHXVHGIRUVLPSOHFRPSDULVRQRIWKHIDWLJXHSHUIRUPDQFHLQLPSDFWWHVWLQJ
7KHPLFURVWUXFWXUHVRILQYHVWLJDWHG:&&RDQG7L&)H1LFRPSRVLWHVDUHSUHVHQWHGLQ)LJ7KHUHLVDGLVWLQFW




















+ :&&R    
7 7L&)H1L    
+DUGR[ >@    




DV QHHGHG6HYHUDO KDPPHUV PD[ QXPEHU LV SFV IDVWHQHGRQ WKHSHULSKHU\ RI WKHGLVN DOORZ LQFUHDVLQJ WKH






WKH RYHUORDG DUH XVHG IRU PRQLWRULQJ RI WKH FRQWDFW SDUDPHWHUV ,W LV SRVVLEOH WR XVH ODUJH VL]H LQGHQWHUV ZLWK
GLDPHWHURIPPLQRUGHUWRUHSURGXFHFORVHVWWRWKHIODWIODWVXUIDFHFRQWDFWFRQGLWLRQV
7KH IRUFH PHDVXUHG GXULQJ WKH WHVWV ZDV VOLJKWO\ KLJKHU E\ a  WKDQ WKDW HTXDWHG DFFRUGLQJ WR WHVWV












$OWKRXJK WKH JUDSKV EDVHG RQ WKH UHVLGXDO LQGHQW VL]HVPHDVXUHPHQWV FRQVWUXFWHGZLWK UHVSHFW RI WKH FRQWDFW
SUHVVXUH GR QRW JLYH DQ\ YDOXDEOH LQIRUPDWLRQ LQ UHJDUG WR WKH VXUIDFH IDWLJXH RU IDWLJXH IDLOXUH RI WKH WHVWHG
PDWHULDOVVHH)LJ













$QRWKHU DSSURDFK LV WKH WRWDO DFFXPXODWHG HQHUJ\ FDOFXODWLRQ GXULQJ LPSDFWLQJ RI WKH EDOO LQGHQWHU DJDLQVW
PDWHULDOVXUIDFH




7KH ILUVW GRPDLQ FKDUDFWHULVWLF WR KLJK SODVWLF GHIRUPDWLRQ DQG ORZ HODVWLF GHIRUPDWLRQ FRUUHVSRQGV WR WKH





7KHVHFRQGGRPDLQFKDUDFWHULVWLF WRKLJKSODVWLFGHIRUPDWLRQDQGKLJKHODVWLFGHIRUPDWLRQFRUUHVSRQGV WR WKH
GRPDLQRIXQVWDEOHGHIRUPDWLRQDQGOHDGV WR WKH LQFUHDVHRIFRQWDFWDUHD7KLVSKHQRPHQRQFDQEHUHODWHG WR WKH
SUHVHQFH RI FROG KDUGHQLQJ DQG WULERORJLFDOO\ LQGXFHG SKDVH WUDQVIRUPDWLRQ >@ 7KH WRWDO HQHUJ\ DFFXPXODWHG




ULP VWUXFWXUH FDUELGH HTXDO WR aP- FRPSDUHG WR P- IRU:&EDVHG+ KDUGPHWDO DW F\FOHV 7KH




7KH WKLUG GRPDLQ FKDUDFWHULVWLF WR HODVWLF GHIRUPDWLRQ FRUUHVSRQGV WR WKH GRPDLQ RI VWDEOH GHIRUPDWLRQ



















7KH ILUVW GRPDLQ RI KLJK SODVWLF GHIRUPDWLRQ FDQ EH DOVR DGGUHVVHG WR WKH SODVWLFLW\ LQLWLDWLRQ PHFKDQLVPV
GHVFULEHGE\66KLPDQGFROOHDJXHVLQWKHLQYHVWLJDWLRQRIWKHLQGHQWDWLRQVL]HHIIHFW7KHPDLQFRQFOXVLRQ













7KH VHFRQG DQG WKLUG GRPDLQV DUH GHSHQGHQW RQ WKH DELOLW\ RI FDUELGH SKDVH WR GHIRUP HODVWLFDOO\ 7KH 7L&
FDUELGHVDUHEHVWSHUIRUPHUV LQ WKRVHGRPDLQVDOVR LIFRPSDUHGZLWK:&±EDVHGFDUELGH7KH\FDQDEVRUEPRUH
SODVWLFHODVWLFHQHUJ\DQGVXVWDLQKLJKHU ORDGVDW ORZHUVWUDLQVGXULQJ LPSDFW ORDGLQJE\ VSKHULFDO LQGHQW)LJ
6DPHDELOLW\RIWLWDQLXPFDUELGHJUDLQVZDVUHYHDOHGLQSUHYLRXVVWXGLHV>@




7KH 7 FXUYH VORSH LVPXFK ORZHU LQ WKH ILUVW GRPDLQ XS WR  F\FOHV ,Q WKH QH[W GRPDLQ WKH VORSH
VWDELOL]HVDQGUHPDLQVVDPHIRUERWKFDUELGHFRPSRVLWHVWHVWHG7KHEHKDYLRURIWKHVWHHOVLVYHU\VLPLODUWRWKDWRI
FDUELGHV 3ODVWLF VWHHO WHQGV WR ZLWKVWDQG LQGHQWDWLRQ VWUHVV RU IDWLJXH GDPDJH DEVRUELQJ WKH IUDFWXUH HQHUJ\ E\
PRYHPHQWRIWKHGLVORFDWLRQVDQGSKDVHWUDQVIRUPDWLRQV6DPHREVHUYDWLRQVDUHSUHVHQWIRUFHUPHWDOVR
$V FRQGXFWHG F\FOLF LQGHQWDWLRQ ORDGLQJV DUH LQGXFLQJ FRPSUHVVLYH VWUHVVHV EHQHDWK WKH VXUIDFH RI WKH WHVWHG
PDWHULDOVWKHQLWLVREYLRXVWKDWUHVLGXDOFRPSUHVVLYHVWUHVVHVZLOOGHFUHDVHUHDOIDLOXUHVWUHQJWKRIWKHPDWHULDOIRU
WKHLU VL]H 7R FRPSHQVDWH WKDW HIIHFW ZH KDYH DGGHG WKH FRUUHVSRQGHQW UHVLGXDO VWUHVVHV YDOXHV PHDVXUHG E\
LQVWUXPHQWHGLQGHQWDWLRQWHFKQLTXHWRWKHVXUIDFHIDWLJXHFXUYHVRIFDUELGHFRPSRVLWHV)LQDOUHVXOWVDUHVKRZQRQ
)LJ  5HVXOWV DUH LQ JRRG FRUUHODWLRQ ZLWK WKH WKUHHSRLQW EHQGLQJ IDWLJXH VWUHQJWK DW  IRU ERWK FDUELGH
FRPSRVLWHV UHSRUWHG LQ SUHYLRXV VWXG\ >@ 7KH WUHQGV DUH VDPH DQG WKH IDWLJXH VWUHQJWK DW [ RI 7
FHUPHW LV DERXW 03D ORZHU WKDQ WKDW RI+ KDUGPHWDO7KHFXUYHV IRU ERWKPDWHULDOV VWDELOL]H DIWHU VHFRQG
GRPDLQDQGUXQSDUDOOHOWLOOWKHHQGRIWKHWKLUGGRPDLQ











7KHFRQHFUDFN VHJPHQWV RXWVLGH WKHFRQWDFWDUHD LHZKHUH WKHQRUPDO VWUHVVHVDUHPLOGO\ WHQVLOH PD[LPXP
§S DW FRQWDFW FLUFOH WKH VXEVXUIDFHPLFURFUDFN ]RQHV IURPEHQHDWK WKH FRQWDFW DUHDZKHUH WKH K\GURVWDWLF












+RZHYHU WKH VKHDU VWUHVVHV DOVR DWWDLQ VLJQLILFDQW UROH ,W LV WKHUHIRUH PRVW OLNHO\ WKDW WKRVH VXEVXUIDFH






VOLS OLQHVZHUHQRWREVHUYHG LQ77KHPLFURFUDFNLQJ LV JRYHUQHG LQ DQGDIIHFWVPRVWO\ FDUELGHJUDLQV7KH
PDVVLYHFKLSSLQJRIWKH7L&JUDLQE\LQWHUJUDQXODUPRGHLVVHHQLQERWKVWUXFWXUDOFRPSRQHQWV±FRUHDQGWKHULP
RI GRXEOH FDUELGH SKDVH &RUHULP VWUXFWXUH IUDFWXUH DSSHDUV DORQJ WKH ERXQGDU\ RI VWUXFWXUH 7KH ELQGHU SKDVH
XQGHUJR WKH SKDVH WUDQVIRUPDWLRQ IURP DXVWHQLWH WR PDUWHQVLWH GXULQJ SODVWLF GHIRUPDWLRQ 7KH VWUDLQ KDUGHQLQJ
HIIHFWRIWKDWLVREYLRXVDQGYLVLEOHRQWKHVWUHVVQXPEHURIF\FOHVFXUYHV
7KDW REVHUYDWLRQ VXSSRUWV WKH PDLQ FRQFOXVLRQV PDGH E\ .LP HW DO  WKDW IRU EULWWOH PDWHULDOV OLNH
KDUGPHWDOV DQG FHUPHWV WZR IUDFWXUHPRGHV FDQ EH GHULYHG FRQYHQWLRQDO WHQVLOHGULYHQ FRQH FUDFNLQJ ³EULWWOH´
PRGH DQG VKHDUGULYHQ PLFURGDPDJH DFFXPXODWLRQ ³TXDVLSODVWLF´ PRGH >@ 7KRVH PRGHV DUH UHODWHG ZLWK
GRPDLQVVHHQLQWKHWRWDODFFXPXODWHGHQHUJ\JUDSKVVKRZQLQ)LJ
7KHHIIHFWRIUHVLGXDOVWUHVVHVRQWKHLQGHQWDWLRQFUDFNIRUPDWLRQLVREYLRXV$VLWZDVSUHYLRXVO\VWDWHGE\'%
0DUVKDOO  WKH ORZ VWUHVV UDWHV LQGLFDWH D VWURQJ UHVLGXDO VWUHVV ILHOG HQKDQFHPHQW RI VORZ FUDFN JURZWK WR






7KH VXUIDFH IDWLJXHSURSHUWLHVRI WKH:&EDVHGKDUGPHWDOVZLWK&RELQGHUDQG7L&EDVHGFHUPHWVZLWK)H1L
ELQGHU FDQ EH DVVHVVHG XVLQJ F\FOLF LQGHQWDWLRQ WHFKQLTXH E\ LQGHQWLQJ ZLWK VSKHULFDO EDOO LQGHQWHU 7KH WRWDO
DFFXPXODWHG HQHUJ\ RI LPSDFWLQJ ORDGLQJ RU HQHUJ\ RIPDWHULDOV IDWLJXH IUDFWXUH UHVLVWDQFH FDQ EH WDNHQ DV WKH
EDVLVIRUIDWLJXHFXUYHSUHSDUDWLRQ
'\QDPLFEHKDYLRURIPDWHULDOVVXUIDFHVVXEPLWWHGWRF\FOHGHIRUPDWLRQLQHODVWRSODVWLFUHJLPHUHIHUVWRWKHWKUHH
































>@ +DQVHQ 7 & )DWLJXH LQ KLJK VWUHQJWK VWHHO $ QHZ DSSURDFK WR SUHGLFW FUDFN SURSDJDWLRQ EHKDYLRXU'HQPDUN /77'DQPDUNV
7HNQLVNH8QLYHUVLWHW
3160  F. Sergejev et al. / Procedia Engineering 10 (2011) 3152–3161
>@'DYLV-56WDLQOHVVVWHHOV1HZ<RUN$60,QWHUQDWLRQDO
>@6KLP6%HL+*HRUJH(33KDUU*0$GLIIHUHQWW\SHRILQGHQWDWLRQVL]HHIIHFW6FULSWD0DWHU±
















RQUDLO HWF ZHUH ILUVW VROYHG E\ +HUW] DQG JHQHUDOO\ UHIHUUHG WR DV +HUW]LDQ FRQWDFWV >@ 2QH RI WKH XVHV RI
+HUW]LDQ LQGHQWDWLRQ LV WR GHWHUPLQH QXPEHU DQG VL]HV RI VXUIDFH IODZV+HUHZH FRQVLGHU WKH VXUIDFHZLWK ODUJH
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7KHYDOXHRINLVREWDLQHGGHSHQGLQJRQWKHLPSDFWLQJDQGWDUJHWERGLHVHODVWLFPRGXOHV(DQG(DQG3RLVVRQ¶V
UDWLRVȞDQGȞUHVSHFWLYHO\XVLQJWKHIROORZLQJHTXDWLRQ
N Ȟ((Ȟ        

7KHPHDQFRQWDFWSUHVVXUHSPWKHQ











DP )PD[ʌSP         

7KHPD[LPXPWHQVLOHVWUHVVDWWKHFRQWDFWFLUFOHıPFDQDOVREHFDOFXODWHGXVLQJWKHIROORZLQJIRUPXOD
ıP ȞSP         

,Q FDVH RI D FLUFXODU SRLQW FRQWDFW D VKHDU VWUHVV LV JHQHUDWHG LQ WKH UHJLRQ EHQHDWK WKH FRQWDFW ]RQH 7KH
PD[LPXPYDOXHRIWKLVLVVKHDUVWUHVVĲPFDQEHFDOFXODWHGE\
ĲP SP         

7KHGHSWK]DWZKLFKWKHPD[LPXPVKHDUVWUHVVRFFXUV]LV
PD]            
$'\QDPLFEHKDYLRURIPDWHULDOVVXUIDFHVVXEPLWWHGWRF\FOHGHIRUPDWLRQLQHODVWRSODVWLFUHJLPH>@
%DVHG RQ WKH NLQHWLF HQHUJ\ (F RI WKH LPSDFW WKH LQMHFWHG SRZHU SHU LPSDFWLQJ ERG\ PDVV ZDV FDOFXODWHG
DFFRUGLQJWR






İ G'          

)RUD IXOO\ SODVWLF LPSDFW QR UHERXQG LQGXFLQJDSXUHO\ SODVWLFGHIRUPDWLRQ WKHHQHUJ\ DEVRUEHGSHU LPSDFW
PD\EHHVWLPDWHGXVLQJ

        

ZKHUH UDPS)  S 

7KHWRWDODFFXPXODWHGHQHUJ\SHULPSDFWLVWKHQFDOFXODWHGDFFRUGLQJWR
(L ı\ʌ5DL5DL5DL5      
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